An 8-month sampling campaign was conducted in Montre´al, Canada to explore determinants of ultrafine particle (UFP) exposures in transportation environments and to develop models to predict such exposures. Between April and November 2006, UFP (0.02-1 mm) count exposure data were collected for one researcher during 80 morning and evening commutes including a 0.5-km walk, a 3-km bus ride, and a 26-km automobile ride in each direction. Ambient temperature, relative humidity, precipitation, and wind speed/direction data were collected for each transit period and the positions of bus and automobile windows were recorded. Mixing heights were also estimated. Morning UFP exposures were significantly greater than those in the evening, with the highest levels observed in the automobile and the lowest while walking. Wind speed and mixing height were highly correlated, and as a result only wind speed was considered in multivariable models owing to the accessibility of quantitative hourly monitoring data. In these models, each 101C increase in morning temperature was associated with decreases of 14,560/cm 3 (95% CI ¼ 11,111 to 18,020), 8160/cm 3 (95% CI ¼ 5060 to 11,260), and 11,310/ cm 3 (95% CI ¼ 6820 to 15,810) for UFP exposures in walk, bus, and automobile environments, respectively. Likewise, each 10-km/h increase in morning wind speed corresponded to decreases of 8252/cm 3 (95% CI ¼ 5130 to 11,360), 6210/cm 3 (95% CI ¼ 3420 to 9000), and 6350/cm 3 (95% CI ¼ 2440 to 10,260) for UFP exposures in walk, bus, and automobile environments, respectively. Similar trends were observed in the evening hours. In an evaluation of model performance, moderate correlations were observed between measured and predicted UFP exposures on new bus (r ¼ 0.65) and automobile (r ¼ 0.77) routes. Further research is required to incorporate variables such as traffic density and vehicle ventilation settings into the models presented.
Introduction
Ultrafine particles (o0.1 mm) (UFPs) are potent triggers of oxidative stress and inflammation in the lungs (Oberdo¨rster et al., 1994; Li et al., 1996 Li et al., , 2003 Afaq et al., 1998; Zheng et al., 1998; Brown et al., 2001; Dick et al., 2003; Gilmour et al., 2004) , and are of interest in transportation environments because they are formed from vehicle exhaust (Cyrys et al., 2003; Gidhagen et al., 2004; Geller et al., 2006) . Indeed, ambient UFP exposures may promote symptoms such as wheezing, cough, and shortness of breath among adult asthmatics (Von Klot et al., 2002) , and some evidence suggests that the respiratory effects of UFPs are either as strong or stronger than those of larger fine (PM 2.5 ) or course (PM 10 ) particles (Peters et al., 1997; Penttinen et al., 2001a, b) . In addition, UFP exposures may trigger adverse cardiovascular outcomes and contribute to cardiovascular mortality among susceptible individuals (Wichmann et al., 2000; Sto¨lzel et al., 2006) . Specifically, increases in ambient UFP counts of approximately 10,000/ cm 3 have been associated with increases in daily mortality of 3% (Sto¨lzel et al., 2006) and 4.5% (Wichmann et al., 2000) , respectively, with a lag of 4 days. Similar increases in personal UFP exposures have also been associated with decreased heart rate variability among subjects with impaired lung function (Chan et al., 2004) . Indeed, the impact of UFP exposures may be most troubling for individuals suffering from asthma or obstructive pulmonary diseases as pulmonary deposition is greatest for these individuals (Brown et al., 2002; Chalupa et al., 2004; Frampton et al., 2004) . However, UFP exposures are also a concern for healthy subjects as recent findings suggest that traffic-related UFP exposures may lead to oxidative DNA damage (Vinzents et al., 2005) . Therefore, there is currently a need to characterize UFP exposures in transportation environments because people spend a considerable portion of their day in these locations and evidence to date suggests that such exposures may have an adverse effect on respiratory and cardiovascular health. In addition, exposure assessment models are required for UFPs if we hope to further explore their potential health effects in population-based studies .
In England, pedestrian UFP exposures were examined for 12 days over a 500-m stretch of roadway in Central London, and in this study UFP levels were significantly greater when walking curbside as compared to when walking near buildings (Kaur et al., 2005a) . This finding is consistent with those of a more recent investigation, which suggest that pedestrian UFP exposures are largely influenced by proximity to pollutant sources (Kaur et al., 2006) . In Boston, Massachusetts, UFP levels were examined on buses and subways for several days during the summer months but no marked differences were observed with respect to outdoor concentrations (Levy et al., 2002) . However, UFP levels in this study tended to be greater in buses than in subways (Levy et al., 2002) . A second study conducted in London, England, over a 4-week period reported higher UFP levels in buses and automobiles as compared to cycling and walking (Kaur et al., 2005b) , and a similar pattern was observed in a Health Canada study which reported UFP levels during walking to be approximately one-third of those measured in school buses (Health Canada, 2005) .
Here we present findings of an 8-month sampling campaign designed to explore determinants of UFP exposures in transportation environments. In doing so, we describe exposures on a single transit route during morning and evening commutes over three seasons (spring, summer, and autumn). Three transportation environments are considered (walking, bus, and automobile), and for each environment/ time period we estimate the effects of ambient temperature, relative humidity, mixing height, precipitation, and wind speed/direction on UFP exposures as well as window opening for buses and automobiles. Finally, we evaluate the correlation between measured and predicted UFP exposures on new bus and automobile routes.
Methods

Transit Route
Personal UFP exposure data were collected three weekdays per week between April and November 2006 for one researcher during morning (0700 to 0800 hours) and evening (1600 to 1700 hours) commutes over a 29.5-km transit route in Montre´al, Canada. This route was traversed in three sections including a 0.5-km walk, a 3-km ride in a dieselfueled public transit bus, and a 26-km ride in a gasolinefueled automobile (2006 Mazda 3) in each direction. Quantitative traffic count data were not available from the city of Montre´al for the walk and bus routes included in this study. However, traffic counts were estimated to be approximately 500 vehicles per hour for the walking route and 2000 vehicles per hour for the bus route using video data collected on a typical transit day. The automobile route took place primarily along a major highway, which Transport Que´bec lists as servicing more than 40,000 vehicles per day.
Passenger vehicles were the predominant vehicle type along the walk and bus routes, whereas large diesel transport vehicles were frequently present along the automobile route.
Walking
The morning walking route covered equal distances of a busy two-lane roadway leading to downtown Montre´al and a quiet roadway, which primarily services residential traffic. During the morning hours, the walking route began at a private residence and ended at a bus stop on the corner of a busy three-lane roadway. As such, morning walking exposures included the time period spent waiting for the bus each morning. The evening walking route followed the same path as in the morning hours.
Public Transit Bus
The morning bus traveled along a busy three-lane roadway and made a total of nine stops. The evening bus route was slightly longer due to three additional stops, but also traveled along a busy three-lane roadway. It was not possible to sample in the same location in each bus without inconveniencing other passengers, and as a result in-bus UFP exposures were monitored wherever space was available in the bus at the time of boarding.
Automobile
The morning automobile route took place primarily along a 20-km section of highway between Montre´al and PointeClaire, Que´bec. The evening automobile route followed the same path as the morning, but ended just south of the morning starting point. All UFP exposure measures were collected in the front passenger seat of the automobile, and the driver was given no specific instructions and was simply asked to drive to and from work as normal. Ventilation and heating conditions were set by the driver to suit passenger comfort as would normally be the case in a passenger vehicle.
Transit Route for Model Evaluation
To evaluate model performance, personal UFP exposure data were collected for an additional 24 days between December 2006 and March 2007 on new bus and automobile routes. Using video data, traffic counts on the new bus route were estimated to be approximately 1000 vehicles per hour. This route took place primarily along a busy two-lane roadway with the exception of a short stretch of quiet singlelane residential roadway on the evening route. Morning and evening bus routes were each approximately 3 km in length, with morning and evening routes located approximately 0.3 km and 0.6 km east of the route used for model development, respectively.
Automobile measurements were collected in the morning only, and the route took place primarily along a second major highway between Montre´al and Pointe-Claire, Que´bec. The main portion of the automobile route was approximately 7 km north of the original route used for model development, and according to Transport Que´bec also services more than 40,000 vehicles per day. Model performance was not evaluated on a different walking route because outdoor temperatures between December 2006 and March 2007 were generally below the minimum recommended operating temperature for the P-TRAK (below 01C).
Data Collection
Ultrafine particles UFP counts (per cm 3 ) were collected at 10-s sampling intervals in each transportation environment using a TSI P-TRAK Ultrafine Particle Counter (TSI Inc.). This is a condensation particle counter with continuous datalogging capabilities and is capable of detecting particles between 0.02 and 1 mm. The instrument was calibrated by the manufacturer prior to collecting field measurements, and exposure measures reflect time-weighted average UFP number concentrations in each transportation environment. The P-TRAK was equipped with a sampling wand and was carried at waist level in a shoulder bag with the sampling wand exposed to the external environment at all times. In each transportation environment the display screen of the P-TRAK remained visible to the researcher as to verify proper instrument function as well as to note potential causes (i.e. local sources) of abrupt changes in UFP concentrations. The P-TRAK was zero checked and equipped with a newly recharged alcohol wick prior to each sampling period. For analysis, average UFP counts were determined over each transit period (i.e. morning and evening) and regressed against meteorological data averaged over the same time period.
Weather Data and Window Position
Time-specific ambient weather data were obtained from Environment Canada for each morning and evening transit period, and all temperature, relative humidity, and wind speed/direction values reflect measurements collected at Montre´al's Trudeau International Airport. Precipitation was noted during each transit period, and bus and automobile windows were classified as open if at least one window was visibly ajar.
Mixing height is generally defined as the height of the atmospheric layer in which vigorous mixing takes place due to thermal and mechanical turbulence, with lower mixing heights favoring increased pollutant concentrations. However, unlike values for ambient temperature, relative humidity, and wind speed/direction, hourly mixing height data are not readily available for Montre´al, Que´bec. As a result, mixing height values were estimated in this study according to the following equation (Cheng et al., 2001) :
In this equation, H m is the estimated mixing height (m), T-T d is the difference between ambient and dew point temperatures, U z is wind speed (m/s) measured at the height Z (Z ¼ 10 m), Z o is the surface roughness (Z o ¼ 2.0 m for urban areas), f is a constant accounting for the spin rate of the earth and the geographical latitude of Montre´al, Que´bec, and P is the Pasquill stability class determined by wind speed and cloud cover during each transit period. In this study, P was generally equal to either 3 or 4 reflecting neutral or slightly unstable atmospheric conditions. A neutral atmosphere neither enhances nor inhibits mixing in the atmosphere, whereas a slightly turbulent atmosphere promotes mixing. Previous findings suggest a relative error of approximately thirty percent for estimates obtained using the above model (Cheng et al., 2001) , and while it is not the most accurate or complex model, it was the only model identified which could be readily applied given the meteorological data available.
Statistical Analysis
All means, mean differences, standard deviations, 95% confidence intervals, box-plots, R 2 -values, and scatter-plots were generated using the statistical software package STATA version 9.1 (Statacorp, College Station, TX, USA). Realtime plots of UFPs were produced using Trak Pro software available from TSI (TSI Inc., Shoreview, MN, USA), and scatter-plots of measured and predicted UFP exposures were generated using Microsoft Excel. The effects of each variable on UFP exposures in transportation environments were first explored in simple linear models and Spearman's correlation coefficients (r s ) were calculated to assess potential co-linearity between independent variables. If a substantial correlation was detected (|r s |40.2), three separate models were run (two models with each independent variable separately and one model with both variables present) and changes in model coefficients were noted. If no important changes in model coefficients were observed, the effects of both variables were explored. In all models, temperature (K), wind speed (km/h), mixing height (m), and relative humidity (%) were treated as continuous variables whereas precipitation, window position, and wind direction were treated as categorical variables. Wind direction was categorized as north, south, east, west, north-east, north-west, south-east, or south-west for each transit period and window position was recorded simply as open or closed.
Final model selection was performed using data from all time periods combined, and a dichotomous time period variable (morning/evening) was also explored in final models. Interaction between independent variables was assessed in final models through the inclusion of first order interaction terms generated using centered variables in order to reduce correlations between interaction terms and independent variables. In selecting a final model, Bayesian Model Averaging (BMA) was employed using the statistical software package R version 2.4.0. Bayesian model averaging is advantageous because final model variables reflect a weighted average of all possible models weighted by the probability that each model is correct, thus accounting for model uncertainty (Kass and Raftery, 1995; Wasserman, 2000) . In addition, Bayesian model selection has been shown to out-perform stepwise methods of model selection in making future predictions (Wang et al., 2004) . As such, predicted values for UFP counts on different bus and automobile routes were generated using final multivariable models selected by BMA. The correlations (r) between measured and predicted UFP exposures were then assessed in simple linear models and were calculated as the square root of the coefficient of determination (R 2 ).
Results
In total, personal UFP exposure measurements were collected in each transportation environment for 80 morning and 80 evening commutes. On average, morning commutes were approximately 5-min shorter than in the evening, and temperature and wind speed tended to be higher in the evening while relative humidity tended to be higher in the morning. In addition, estimated mixing heights were higher in the evening relative to the morning hours. Summary statistics for daily travel times and ambient weather conditions throughout the study period are shown in Tables 1 and 2 .
UFP Exposures in Transportation Environments
UFP count exposure data are summarized in Table 3 , and box plots for mean UFP exposures are shown in Figure 1 . Along the walking route, UFP levels were observed to increase when moving from a quiet street onto a busier roadway (data not shown), and parked, idling school buses appeared to be strong local sources of UFPs when walking ( Figure 2a ). Automobile UFP levels also increased when driving from two-or three-lane roadways onto highways (data not shown), and coach passenger buses appeared to trigger dramatic increases in UFP levels in both public transit buses and in the automobile (Figure 2b and c 
Correlation between Independent Variables
Relative humidity was inversely correlated with temperature (r s ¼ À0.48, n ¼ 160) and when both variables were included in models for each transportation environment and time period, coefficients for temperature remained constant while coefficients for relative humidity decreased substantially. In addition, we observed no independent association between relative humidity or precipitation and UFP exposures in any transportation environment or time period (0.001oR 2 o0.06); therefore, the effects of relative humidity and precipitation were not explored in multi-variable models. Likewise, no important effect was observed for wind o0.04), and when the effect of wind speed was assessed according to direction, coefficients were similar for all wind directions (data not shown). As such, the effects of wind direction were not explored in multivariable models.
Moderate inverse correlations were observed between morning time period and temperature (r s ¼ À0.33, n ¼ 160) and wind speed (r s ¼ À0.31, n ¼ 160). A moderate correlation was also observed between wind speed and the temperature-wind speed interaction term (r s ¼ 0.28, n ¼ 160). However, no marked changes in model coefficients where observed when simple linear models were compared to models with all three variables and thus both time period and temperature-wind speed interactions were explored as potential determinants in final multivariable models.
Wind speed and mixing height were highly correlated (r s ¼ 0.97, n ¼ 160) and the independent effects of these two variables could not be separated in multivariable models. Given this result, wind speed alone was considered in final predictive models as quantitative monitoring data were readily available for this variable, whereas mixing height data were estimated and is generally more difficult to obtain. For completion, however, the effects of mixing height on UFP exposures were assessed for all transit periods combined, and after adjusting for time period and temperature each 1000-m increase in mixing height was associated with decreases of 1316/cm 3 (95% CI ¼ 714 to 1919), 1553/cm 3 (95% CI ¼ 927 to 2179), and 1735/cm 3 (95% CI ¼ 992 to 2478) for UFP exposures in walk, bus, and automobile environments, respectively.
In the morning hours, bus window opening was highly correlated with temperature (r s ¼ 0.70, n ¼ 80). When both variables were included in the same model, the coefficient for temperature remained constant while the coefficient for bus window opening changed substantially; thus, suggesting that the effect of bus window opening could not be separated from the effect of temperature in the morning hours. The correlation between temperature and bus window opening was lower in the evening hours (r s ¼ 0.52, n ¼ 80) and when both variables were included in the same model no dramatic changes in model coefficients were observed; therefore, while the effect of morning bus window opening was not explored in multivariable models the effect of evening bus window opening was assessed. Temperature and car window opening were slightly correlated in the morning hours (r s ¼ 0.29, n ¼ 80), and while the coefficient for car window opening increased slightly when temperature was included in the model, this did not change the overall interpretation of the effect of car window opening in the morning hours and thus this variable was included in multivariable models. No other significant interactions were detected between independent variables.
Multivariable Models
Multivariable models estimating the effects of temperature, wind speed, and window opening in each transportation environment are shown in Tables 4 and 5. Window opening was not a significant determinant of UFP exposures in buses or automobiles, and no consistent effect of window opening was observed. However, temperature was a significant determinant of mean UFP exposures in all three transportation environments during the morning hours, with each 101C (equivalent to a 10K increase) increase in temperature corresponding to decreases in mean UFP exposure of 14,560/cm 3 (95% CI ¼ 11,111 to 18,020), 8160/cm 3 (95% CI ¼ 5060 to 11,260), and 11,310/cm 3 (95% CI ¼ 6820 to 15,810) for the walk, bus, and automobile environments, respectively. Wind speed was also a significant determinant of UFP exposures in the morning hours, with each 10-km/h increase in wind speed corresponding to decreases in mean UFP exposure of 8252/cm 3 (95% CI ¼ 5130 to 11,360), 6210/cm 3 (95% CI ¼ 3420 to 9000), and 6350/cm 3 (95% CI ¼ 2440 to 10,260) for the walk, bus, and automobile environments, respectively. A similar pattern was observed in the evening hours, but the effect of wind speed was not statistically significant for evening walking exposures and the effect of temperature was not statistically significant for evening bus exposures. Scatter plots of temperature and wind speed against mean UFP exposures in each transportation environment are depicted in Figure 3 for both time periods combined.
Correlation between Measured and Predicted UFP Exposures on a Different Bus and Automobile Route
To evaluate model performance, UFP exposure data were collected for an additional 22 mornings on a different automobile route and 24 mornings and 18 evenings on a different bus route between December 2006 and March 2007. In general, model evaluation days were colder than those used for model development (mean ¼ À3.01C, SD ¼ 8.9) and wind speeds were slightly greater (mean ¼ 17.8 km/h, SD ¼ 9.8). Final multivariable models used for predicting UFP exposures are shown in Table 6 , and a summary of observed and predicted values for UFP exposures on the new bus and automobile routes are presented in Table 7 . A moderate correlation was observed between measured and predicted automobile UFP exposures (r ¼ 0.50), with model estimates on average underestimating measured values by 3540/cm 3 (95% CI ¼ À7190 to 14,271). This correlation increased (r ¼ 0.77) (Figure 4a ) with the removal of two outlying values for which no clear cause was noted. The correlation between measured and predicted bus exposures was comparable to that observed for the automobile (r ¼ 0.55), with model estimates on average overestimating measured values by 6289/cm 3 (95% CI ¼ À11,818 to À761). This correlation improved (r ¼ 0.65) (Figure 4b ) with the removal of two outlying values, one of which was collected on a morning in which the public transit bus traveled directly behind a school bus; again highlighting the importance of these vehicles as local sources of UFPs. However, no clear cause was apparent for the second outlying data point.
Discussion
An 8-month sampling campaign was conducted in Montre´al, Canada, to explore determinants of UFP exposures in transportation environments and to develop models to predict such exposures. Walking, bus, and automobile environments were considered, and while relative humidity, precipitation, wind direction, and window opening had no marked effect on UFP counts, temperature and wind speed were each significant determinants of UFP exposures in all three transportation environments. However, we cannot rule out a potentially important effect for mixing height as a high correlation between wind speed and mixing height meant that the independent effects of these two variables could not be estimated in multivariable models. Nevertheless, models including wind speed alone may be more suitable for use in population-based studies owing to the accessibility of historical wind speed data for many locations in comparison to the lack of such data for mixing heights. Regardless, future studies should aim to include more accurate measures of mixing height than those employed in the current investigation to conduct a more comprehensive analysis of the effects of mixing height on UFP exposures in transportation environments.
Our findings are limited in that we provide no information on the number-weighted size-distribution or chemical composition of UFPs in transportation environments. Interaction term for temperature (K) and wind speed (km/h) using centered variables.
Ultrafine particles and transportation environments Weichenthal et al.
In addition, we could not detect particles smaller than approximately 0.02 mm, and as a result our findings likely underestimate UFP exposures in transportation environments. Indeed, freshly emitted vehicle exhaust is known to contain particles below this size limit (Kittelson, 1998; Harrison et al., 1999; Zhu et al., 2002; Kittelson et al., 2004; Matson et al., 2004) , and a recent study found that P-TRAK measures near a busy motorway were consistently lower than those measured with a more sensitive instrument (Zhu et al., 2006b) . Therefore, the exposure levels reported in this investigation must be interpreted with caution as they are likely conservative estimates of actual exposures in transportation environments. Nevertheless, the majority of particles produced by gasoline and diesel vehicles are between 0.02 and 0.1 mm in diameter (Morawska and Zhang, 2002) , and previous studies employing P-TRAKs have observed significant associations between UFP counts and oxidative DNA damage (Vinzents et al., 2005) as well as changes in heart rate variability (Chan et al., 2004) and vasoconstriction (Rundell et al., 2007) . Therefore, while the P-TRAK is not the most sensitive instrument available, it remains a valuable instrument in environmental epidemiology owing to its portability and relatively low cost. Finally, our findings are limited in that our models were developed over a single transit route and do not consider the potential impact of vehicle ventilation settings (i.e. fan and recirculation) or factors such as vehicle speed or traffic counts/characteristics on UFP exposures in transportation environments. These limitations reduce the ability to generalize our findings as the models presented may not be suitable for use on transit routes with traffic characteristics different than those used for model development. For example, the models presented would likely overestimate UFP levels on transit routes with traffic counts lower than those used for model development and underestimate levels on routes with higher traffic counts. To address this issue, future studies should develop models over several different transit routes and include a ''traffic count'' variable to account for variations in UFP exposures owing to differences in traffic counts across routes. In doing so, traffic count data should be collected at several points along each transit route as the fixed-site measures used in this study may not adequately represent traffic counts over the length of each route. In addition, future models should incorporate a variable for traffic characteristics as routes with a high percentage of large diesel vehicles are expected to have higher UFP levels than those used predominantly by smaller passenger vehicles. Likewise, the effects of vehicle ventilation should be explored in future models as some findings suggest that maximum in-cabin protection is provided when both fan and recirculation settings are operational (Zhu et al., 2007) . In general, UFP exposures observed in Montre´al, Canada, are similar to those observed for UFP levels in buses and automobiles in Boston, Massachusetts (Levy et al., 2002) , and slightly lower than those reported for buses in Birmingham, Alabama (Hammond et al., 2006) . We observed lower UFP exposures while walking as compared to riding in buses or in the automobile, and this pattern was also reported in London, England (Kaur et al., 2005b (Kaur et al., , 2006 . In general, however, UFP exposures were greater in the English studies (Kaur et al., 2005b (Kaur et al., , 2006 . As in this study, previous investigations have observed higher UFP levels in the morning relative to the evening hours, and this effect may be attributed to lower mixing heights and lower wind speeds during the morning hours (Kuhlbusch et al., 2001) as well as factors such as higher engine temperatures in the evening hours (Fujita et al., 2007) . In addition, traffic densities may be higher during the morning hours (Cyrys et al., 2003; Young and Keeler, 2004; Aalto et al., 2005; Kaur et al., 2005a Kaur et al., , b, 2006 Jeong et al., 2006) as the evening rush hour is generally more spread out relative to the morning commute. Indeed, differences in UFP exposures between London, England and Montre´al, Canada might be explained in part by higher traffic densities in London, England, as the traffic flow on the walk and bus routes in the English studies was estimated to be between 3000 and 3500 vehicles per hour (Kaur et al., 2005a (Kaur et al., , b, 2006 compared to approximately 500 and 2000 vehicles per hour, respectively, for the walk and bus routes in the present study. The traffic density of the automobile route explored in the present study was similar to that included in two English studies (Kaur et al., 2005b (Kaur et al., , 2006 , and while comparable exposures were reported by one of these studies (Kaur et al., 2006 ) the other reported exposures nearly three times those observed in the current investigation (Kaur et al., 2005b) . While the presence of strong local sources cannot be ruled out as the cause of this discrepancy, both English studies (Kaur et al., 2005b (Kaur et al., , 2006 were conducted along the same route in the same type of gasoline-fueled automobile and thus dramatic differences in traffic density or vehicle characteristics are not expected. Alternatively, the observed difference might be explained in part by differences in temperature, wind speed, or mixing height as these variables were identified as significant determinants of UFP exposures in the current investigation. Indeed, Kaur et al. (2005b) reported only light winds (approximately 9 km/h) on sampling days which would tend to favor increased UFP exposures. Unfortunately, however, none of the three English studies (Kaur et al., 2005a (Kaur et al., , b, 2006 reported data for these variables and as a result betweenstudy comparisons of UFP exposures according to ambient weather conditions were not possible.
Diesel school buses and coach passenger buses were identified as strong local sources of UFPs while walking and driving, respectively, and this observation is consistent with previous findings (Abraham et al., 2002; Levy et al., 2003; Westerdahl et al., 2005) . Interestingly, UFP exposures on public transit buses in Montre´al were more than twice those reported for diesel school buses in Fredericton, New Brunswick (Health Canada, 2005) ; suggesting that traffic density likely (expected to be lower in Fredericton than in Montre´al) plays an important role in determining in-vehicle exposures. Indeed, in this investigation increased UFP counts were observed when walking or driving from a quiet street onto a busier roadway (data not shown), and similar fluctuations in UFP exposures with traffic proximity have been reported previously (Kaur et al., 2006) . Therefore, while diesel vehicles are strong local sources of UFPs, vehicle type alone is likely not a sufficient proxy for in-vehicle UFP exposures.
While we cannot rule out the potential influence of unmeasured confounding factors, significant inverse relationships were observed between temperature and wind speed and UFP exposures in walk, bus, and automobile environments. However, a high correlation between wind speed and mixing height meant that we could not estimate the independent effects of these two variables. Regardless, our findings are consistent with those of Vinzents et al. (2005) who also observed a significant inverse relationship between temperature and wind speed and UFP exposures while bicycling in traffic. However, we were unable to identify other studies exploring the effects of ambient temperature and wind speed on UFP exposures in transportation environments. Nevertheless, previous studies have observed inverse relationships between wind speed and roadside UFP levels (Zhu et al., 2002 (Zhu et al., , 2006a Levy et al., 2003) as well as between temperature and ambient UFP counts (Jeong et al., 2004 (Jeong et al., , 2006 and therefore our results appear to be consistent with previous findings. Indeed, lower UFP exposures were expected at increased wind speeds owing to the dispersion of vehicular emissions, and the observed inverse correlation between ambient temperature and UFP exposures was not surprising as the formation of UFPs from traffic exhaust depends in part on vapor condensation (Korhonen et al., 2004; Kulmala et al., 2004) which is favored at lower temperatures. Specifically, some evidence suggests that organic compounds from unburned fuel and lubricating oil are involved in the formation of UFPs from vehicle exhaust (Tobias et al., 2001; Sakurai et al., 2003) .
We observed no significant effect of window opening on UFP exposures in bus or automobile environments. However, it is possible that frequent bus door opening during passenger pick-up resulted in similar cabin ventilations on all sampling days thus masking the potential effects of bus window opening. Unfortunately, quantitative ventilation measures were not collected in buses or the automobile and more controlled exposure scenarios may be required for a comprehensive exploration of the effect of window opening on bus and automobile UFP exposures. Nevertheless, it seems likely that closed windows may reduce traffic-related UFP exposures in buses and automobiles, particularly during encounters with large diesel vehicles which can result in substantial increases in cabin pollutants when windows are open Sabin et al., 2005) . In this respect, findings from the current study are consistent with those of previous investigations Sabin et al., 2005) as dramatic increases in bus and automobile UFP levels were observed while driving past a coach passenger bus with the windows open (Figure 2b and c) . However, other studies exploring the effects of window opening on UFP counts in buses or automobiles were not identified.
In this study, we observed no association between relative humidity and mean UFP exposures in transportation environments, and this is consistent with previous findings reported for ambient UFP counts in Rochester, New York, and Detroit, Michigan (Young and Keeler, 2004; Jeong et al., 2006) . However, one of these studies was conducted over a period of only 11 days, and the authors noted that the low correlation may be due to the small range of observations and the presence of local sources during the study period (Young and Keeler, 2004 ). An inverse correlation was detected between relative humidity and ambient UFP concentrations in three European cities in which measurements were collected away from local traffic sources (de Hartog et al., 2005) . Similarly, at least one previous study reported an inverse correlation between relative humidity and UFPs produced through photochemical nucleation (Jeong et al., 2006) . Therefore, one explanation for the inverse correlations detected by de Hartog et al. (2005) might be that photochemical processes were the primary sources of UFPs at the targeted sites. As such, the effect of relative humidity on UFP exposures may depend on the primary source of particles at a given measurement location, with relative humidity having little effect on traffic-related UFP exposures and a negative effect on those resulting from photochemical processes.
Moderate to high correlations were observed between measured and predicted UFP exposures on new bus and automobile routes, with predictions for automobile UFP exposures generally outperforming those for UFP exposures on the new bus route. Specifically, model estimates tended to overestimate UFP levels in buses whereas the difference between measured and predicted UFP levels in the automobile was not statistically significant (Table 7) . This finding may owe in part to higher traffic counts on the bus route used for model development (B2000 vehicles per hour) relative to the route used for model evaluation (B1000 vehicles per hour). Indeed, traffic counts on model development and evaluation routes were approximately equal for the automobile and the observed difference between measured and predicted values was approximately half that observed for buses. Other investigations attempting to model UFP levels in transportation environments were not identified; however, our findings highlight the need to include variables such as traffic counts/characteristics and vehicle ventilation settings in future models as the inclusion of such factors may improve the predictive performance of the models presented.
Conclusions
UFP exposures are a growing pubic health concern owing to increasing epidemiological and toxicological evidence suggesting that these particles may have an adverse effect on both cardiovascular and respiratory health. Vehicle traffic is a major source of UFPs, and as people spend an increasing proportion of their time commuting to and from work or school, the potential for exposure to harmful contaminants in these environments has also increased. In an 8-month sampling campaign conducted in Montre´al, Canada, morning UFP exposures were significantly greater than those observed in the evening hours, and both ambient temperature and wind speed were significant determinants of UFP exposures in walk, bus, and automobile environments. However, we cannot rule out a potentially important effect for mixing height as a high correlation between wind speeds and mixing heights meant that we could not estimate the independent effects of these two variables. Further research is required to incorporate variables such as traffic counts and vehicle ventilation settings into the models presented. Once developed, these models may be useful in population-based studies interested in the potential health effects of UFP exposures.
